Monk JA, Sims NA, Dziegielewska KM, Weiss RE, Ramsay RG, Richardson SJ. Delayed development of specific thyroid hormone-regulated events in transthyretin null mice. Am J Physiol Endocrinol Metab 304: E23-E31, 2013. First published October 23, 2012 doi:10.1152/ajpendo.00216.2012 are vital for normal postnatal development. Extracellular TH distributor proteins create an intravascular reservoir of THs. Transthyretin (TTR) is a TH distributor protein in the circulatory system and is the only TH distributor protein synthesized in the central nervous system. We investigated the phenotype of TTR null mice during development. Total and free 3=,5=,3,5-tetraiodo-L-thyronine (T4) and free 3=,3,5-triiodo-L-thyronine (T3) in plasma were significantly reduced in 14-day-old (P14) TTR null mice. TTR null mice also displayed a delayed suckling-to-weaning transition, decreased muscle mass, delayed growth, and retarded longitudinal bone growth. In addition, ileums from postnatal day 0 (P0) TTR null mice displayed disordered architecture and contained fewer goblet cells than wild type. Protein concentrations in cerebrospinal fluid from P0 and P14 TTR null mice were higher than in age-matched wild-type mice. In contrast to the current literature based on analyses of adult TTR null mice, our results demonstrate that TTR has an important and nonredundant role in influencing the development of several organs. bone; brain; central nervous system; intestine THYROID HORMONES (THs), including thyroxine/3=,5=,3,5-tetraiodo-L-thyronine (T 4 ) and tri-iodothyronine (T 3 ), are essential for the normal growth and development of the central nervous system (CNS) but are also critical for regulating body and muscle mass, bone growth, intestinal development, and fertility. THs act at the genome level by receptor-mediated regulation of target genes in a highly regulated spatial and temporal manner. THs are lipophilic compounds that readily partition from the aqueous environment into the lipid environment (8). To counter this inherent hydrophobicity, TH distributor proteins (THDPs) are required to ensure adequate distribution of THs throughout the aqueous milieu of the blood and cerebrospinal fluid (CSF) (31, 50).
bone; brain; central nervous system; intestine THYROID HORMONES (THs), including thyroxine/3=,5=,3,5-tetraiodo-L-thyronine (T 4 ) and tri-iodothyronine (T 3 ), are essential for the normal growth and development of the central nervous system (CNS) but are also critical for regulating body and muscle mass, bone growth, intestinal development, and fertility. THs act at the genome level by receptor-mediated regulation of target genes in a highly regulated spatial and temporal manner. THs are lipophilic compounds that readily partition from the aqueous environment into the lipid environment (8) . To counter this inherent hydrophobicity, TH distributor proteins (THDPs) are required to ensure adequate distribution of THs throughout the aqueous milieu of the blood and cerebrospinal fluid (CSF) (31, 50) .
In humans, the main THDPs are albumin, transthyretin (TTR), and thyroxine-binding globulin (TBG). All three THDPs are synthesized in the liver and secreted into the blood, where they distribute THs around the body via the circulatory system (50) . Humans lacking albumin or TBG have been described, but humans lacking TTR have not, which led to the suggestion that TTR may have a crucial role during early development (19) . TTR is the only THDP synthesized additionally in the CNS (50) , specifically in the choroid plexus (58) , which is the major site of CSF production and the blood-CSF barrier (49) . In addition to the distribution of THs in the CSF, choroid plexus-derived TTR is involved in transport of T 4 from the blood into the CSF (6, 8, 57) .
THs are essential for the normal growth and development of the brain (3, 33) . In the CNS, a known function of THs is their involvement in the cycling of neural stem cells in the subventricular zone of mice (25) . Under conditions of hypothyroidism, mice have reduced proliferation, migration, and apoptosis of neural stem cells in the subventricular zone (25) . Several studies have reported that adult TTR null mice have no overtly altered phenotype (10, 39 -41) . However, they were shown to have reduced neural stem cell apoptosis in their subventricular zone (45) and reduced nerve regeneration (12) . This suggests that the lack of TTR causes a mild form of neural-specific hypothyroidism.
Increased demand for circulating THs during specific postnatal stages of development results in a surge of circulating THs (17, 38) . This coincides with synthesis of additional THDPs in the blood to distribute the greater amount of TH (46) . The current opinion that TTR is not essential for delivery of THs to the brain and peripheral tissues (40) is based on analyses of adult TTR null mice. In this study, our aim was to assess whether TTR plays a significant role in TH delivery during postnatal development. We found that the absence of TTR could not be compensated for in a number of tissues during development, resulting in a delay in development of bones, CNS, intestine, muscle, and delayed weaning.
MATERIALS AND METHODS
Mice. All experiments were approved by The University of Melbourne Ethics Committee (permit nos. 00155 and 03006) and were conducted in accordance with the National Health and Medical Research Council (Australia) guidelines. Mice were killed by inhalation of halothane. TTR null mice were described previously (45) . For this study, two lines were established: wild type and TTR null, to avoid the confounding issues of maternal TTR in the milk and TTR synthesis by the placenta. Air temperature was maintained at 22 Ϯ 1°C. Lighting was fixed at a 12:12-h light-dark cycle. Mice had ad libitum access to pelleted food (iodine content 1.67 mg/kg; Ridley Agriproducts, Pakenham, Australia) and sterilized water.
Genotyping. Genomic DNA was prepared from mouse tails. The following primers were used: primer 1: 5=-GGTCAAAGTCCTG-GATGCTGTCCGA-3=, annealed within the 5=-region of exon 2 of the TTR gene; primer 2: 5=-TATGAGCTGCCATTCTGGTGCTAGG-3=, annealed within intron 2; primer 3: 5=-GAACCTGCGTGCAATC-CATCTTG-3=, was complimentary to the neomycin resistance gene fragment inserted into exon 2. The reaction contained 20 -40 ng/l genomic DNA; 1ϫ PCR reaction buffer (20 mM Tris·HCl, pH 8.4, 50 mM KCl); 2.6 mM MgCl 2; 400 M dATP, dCTP, dTTP, and dGTP; 800 nM primer 1; 400 nM primer 2; 400 nM primer 3; and 0.04 U/l Taq DNA polymerase. Conditions were: denaturation, 5 min at 95°C; 35 cycles of 1) primer annealing, 30 s at 55°C, 2) extension, 1 min at 72°C, and 3) denaturation, 30 s at 95°C; primer annealing, 30 s at 55°C; and extension, 5 min at 72°C.
Analysis of 125 I-labeled T4 binding to plasma proteins. L-3=,5=,3,5-125 I-labeled T4 (1.25 Ci/mg) was purchased from Perkin Elmer Lifesciences and was purified from impurities using Sep-Pak C-18 reversed-phase chromatography cartridges (Waters) and then analyzed by thin-layer chromatography, as described previously (44) . Plasma samples were incubated with purified 125 I-T4 at room temperature for 1 h. Duplicates of each sample were separated by nondenaturing polyacrylamide gel electrophoresis, as described previously (44) . Following electrophoresis, the gel was cut in half. One-half of the gel (replicate of samples) was stained with Coomassie Blue R250 to visualize the proteins; the other half of the gel was dried and exposed to X-ray film to detect 125 I-T4. Plasma and CSF samples. Blood samples were collected from the vena cava of adult mice and the left cardiac ventricle of postnatal day (P) 0 and P14 mice. Plasma was prepared and stored at Ϫ20°C until required. CSF was collected from the cisterna magna using glass micropipettes and centrifuged at 13,000 g for 2 min at room temperature. Blood-contaminated samples were discarded [blood contamination of 0.1% can be detected using this method (16) ]. CSF was stored at Ϫ20°C until required. Protein concentrations were determined using the Bradford microprotein assay (4) using the Sigma Protein Standard as a standard.
Plasma biochemistry. Concentrations of total and free T 4 and total and free T3 in plasma were measured by 125 I-radioimmunoassay (RIA) (Coat-a-Count kits; Diagnostic Products). These kits have been validated for measurements of THs across vertebrate classes [e.g., crocodiles (51) ]. Each sample was assayed in triplicate. Concentrations of thyroid-stimulating hormone (TSH) in plasma were determined as described previously (42) . The osmolarity of plasma samples was determined by freezing-point depression in a Fiske One-Ten osmometer. The plasma concentrations of albumin, urea, creatinine, calcium, phosphate, magnesium, glucose, cholesterol, and triglycerides were measured by colorimetric methods in a Beckman Synchron CX5 Clinical system.
Histology and morphometric analysis. Tibiae and femora from P0, P7, P14, P21, P28, and 10-wk-old wild-type and TTR null mice were fixed in 3.7% formaldehyde for 24 h at 4°C. P14 and 10-wk-old bones were X-rayed (Faxitron; Faxitron X-ray), and the width and length of femurs from P14 and 10-wk-old mice were measured using Image J 1.13v software, as previously described (53) . Tibiae were embedded in methylmethacrylate, and sections of the proximal tibia (5 m) were cut and stained with toluidine blue for histological examination and histomorphometry of growth plates using the Osteomeasure system (OsteoMetrics) (53) . Trabecular and cortical bone density and cortical dimensions were assessed by peripheral quantitative computer tomography (pQCT) in femora from 10-wk-old mice as described previously (52) . To measure the lengths and widths of P21 and P28 long bones, humeri and femurs were dissected from whole skeletons with a scalpel and scanned beside a ruler. P0 and P7 mice were stained with Alizarin Red/Alcian blue for morphological analysis.
The stomach, small intestine, and colon were dissected from P0 wild-type and TTR null mice, and the small intestine and colon were dissected from adult wild-type and TTR null mice, as described previously (27) . The number of goblet cells in Periodic acid-Schiff reagent (PAS)-stained duodenum from P0 wild-type and TTR null mice was counted. Slides were scanned using Aperio Image Scan V10.2.1.2314. Goblet cells were counted within the same set area captured from sections in wild-type and mutant mice. The number of goblet cells in each small intestinal section was averaged for each genotype and compared with wild type.
Data analysis. Values are reported as means Ϯ SE. In all statistical tests, P Ͻ 0.05 was considered significant. Statistical analysis was performed using the statistical software package Minitab version 14. Total and free T 3 and T4, TSH, protein, albumin, urea, creatinine, calcium, phosphate, magnesium, glucose, cholesterol, and triglyceride concentrations in plasma; protein concentrations in CSF; body and tissue weights; litter size; long bone length and width; and growth plate width were analyzed using one-way ANOVA between groups of interest. Colon length and goblet cell number were analyzed by unpaired t-test and then variances were compared by F-test.
RESULTS

Altered T 4 and T 3 but not TSH concentrations in plasma.
Because several THDPs collectively regulate TH homeostasis, we determined whether the absence of TTR might affect T 3 and T 4 levels in plasma from P14 and adult mice. In both genotypes, plasma levels of total and free T 4 were two to three times greater in P14 mice than in adult mice, but plasma levels of total and free T 4 in P14 and adult TTR null mice were substantially less (P Ͻ 0.005) than in age-matched wild-type mice (Table 1 ). However, Values are means Ϯ SE; n, no. of mice analyzed. T4, 3=,5=,3,5-tetraiodo-L-thyronine; T3, 3=,3,5-triiodo-L-thyronine; TSH, thyroid-stimulating hormone; P14, postnatal day 14; WT, wild type; TTR, transthyretin. Statistical significance between means (one way ANOVA) of the thyroid test examined within age groups are indicated by *P Ͻ 0.05 and ***P Ͻ 0.005. the concentration of free T 3 in plasma was reduced significantly in adult, but not P14 TTR, mice, and total T 3 was significantly reduced in TTR null P14, but not adult, plasma (Table 1) . TSH concentrations in plasma from P14 mice did not differ significantly between genotypes. Therefore, the specific loss of TTR has a substantive effect on T 4 , and to a lesser extent, on T 3 serum levels despite the presence of other THDPs (see below).
Other THDPs do not compensate for reduced TH distribution capacity during development. Total plasma protein levels and albumin concentrations were similar in wild-type and TTR null mice for each age group tested [P0, P14, and adult; Supplemental Table 1 (Supplemental data for this article may be found on the American Journal of Physiology: Endocrinology and Metabolism website)], suggesting that a compensatory increase in other THDPs did not occur in the absence of TTR. In P0 and P14 TTR null mice, 125 I-T 4 did not interact strongly with any plasma protein and migrated with the dye front of the gel (Supplemental Fig. 1 ). In adult wild-type plasma, the majority of 125 I-T 4 was associated with TTR, whereas, in TTR null plasma, some 125 I-T 4 bound weakly to albumin. These data are consistent with the view that TTR serves as the major T 4 distributor protein during development, and that even in its absence, and only in adults, only a fraction of T 4 is bound by albumin.
Blood chemistry profiles: Altered concentrations of urea, glucose, and creatinine during development. To determine if carbohydrate, fat, and protein metabolism and kidney function were altered in TTR null mice, plasma levels of calcium, phosphate, magnesium, cholesterol, urea, glucose, creatinine, and triacylglyceride and plasma osmolarity of P14 and adult wild-type and TTR null mice was analyzed. Plasma levels of calcium, phosphate, magnesium, cholesterol, and triacylglyceride did not differ between genotypes ( Table 2 ). The concentration of urea in plasma was significantly increased (P Ͻ 0.005) in P14 TTR null mice compared with P14 wild-type mice yet was similar in adult wild-type and TTR null mice. The glucose concentration in plasma from P14 TTR null mice was significantly less than that in P14 wild-type mice as was the concentration of creatinine. The osmolarity of plasma was also significantly decreased in adult TTR null mice. Thus, the blood chemistry profile was altered more in developing TTR null mice than in adult TTR null mice.
Delayed bone growth in TTR null mice. To determine whether low plasma levels of total and free T 4 in TTR null mice influenced skeletal growth, bone development was analyzed. In mice, the development of the tarsals and phalanges occurs around birth, whereas the development of the vertebrae occurs around 1 wk of age. Examination of skeletons from P0 and P7 wild-type and TTR null mice revealed that the endochondral ossification of the tarsals and phalanges in paws of P0 TTR null mice and the development of vertebrae of P7 TTR null mice were similar to those of wild-type mice (data not shown).
Femurs of P21 and P28 TTR null mice were significantly shorter than those from age-matched wild-type mice (Fig. 1, A and  B) . Between 3 and 4 wk of age, femurs from wild-type mice lengthened significantly, but this did not occur in TTR null mice. However, by 10 wk of age, the femoral length of wild-type and TTR null mice was similar (Fig. 1B) . Similar observations were made in humeri (data not shown). Body weights did not differ significantly between genotypes for each age group tested (P0, P14, and adult).
In contrast to longitudinal bone growth, which occurs by proliferation of chondrocytes in the growth plate, the increase in the diameter of the bone occurs by deposition of bone beneath the periosteum (the fibrous connective tissue that is wrapped around the bone). To determine if periosteal bone growth was also compromised in TTR null mice, the widths of long bones from developing wild-type and TTR null mice were measured. P14 TTR null mice had significantly wider femurs than P14 wild-type mice (Fig. 1C) . Between 2 and 4 wk of age, femoral width increased in wild-type mice but not in TTR null mice, such that at 4 wk of age, the femoral width of TTR null mice was significantly lower than in wild-type mice. This difference in bone growth was also transient; femurs from 10-wk-old TTR null mice were of similar width to those from 10-wk-old wild-type mice. Cortical thickness, periosteal and endosteal circumferences, cortical bone mineral density (BMD), and trabecular BMD measured by pQCT were measured at 10 wk and were not significantly altered (data not shown).
Growth plates from P14 and 10-wk-old wild-type and TTR null mice were analyzed to determine the dynamics of delayed long bone growth. Normal organization of chondrocytes into columnar stacks was evident in growth plates from P14 wildtype and TTR null mice. However, tibial growth plates in P14 TTR null mice were significantly wider than those of P14 wild-type mice (Fig. 1D) . The wider growth plate was characterized by a significantly increased hypertrophic zone width, whereas the proliferative zone width of P14 wild-type and TTR null mice was not significantly altered. The ratio of hypertrophic to proliferative zone width was significantly greater for P14 TTR null mice, possibly indicating disturbances in chondrocytes progressing through to hypertrophy. These defects were all normalized by 10 wk of age (Fig. 1, D-F) . Thus, Values are means Ϯ SE. Plasma samples from six mice per age group per genotype were analyzed. Plasma levels of urea, creatinine, calcium, phosphate, magnesium, glucose, cholesterol and triacylglycerides, and plasma osmolarity were determined as described in MATERIALS AND METHODS. Statistical significance between means (one way ANOVA) of the test examined within age groups are indicated by *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.005.
longitudinal bone growth was delayed in developing TTR null mice due to a transient defect in chondrocyte differentiation.
Delayed development of the intestine in TTR null mice. Because the gastrointestinal tract is responsive to TH during development and circulating levels of TH are reduced in TTR null mice, the stomach, intestine, and colon were dissected from P0 wild-type (n ϭ 4) and TTR null (n ϭ 4) mice and examined. There was evidence that both wild-type and TTR null mice had been suckling, since milk was present in the stomach of each mouse. The colon lengths of P0 wild-type (79.5 Ϯ 2.6 mm, n ϭ 4) and TTR null (76.75 Ϯ 3.9 mm, n ϭ 4) mice were similar. Examination of PAS-stained sections of small intestine and the colon indicated that the ileum from P0 TTR null mice was less developed than that in P0 wild-type mice. Although villi with crypts were detected in the ileum from P0 TTR null mice, the appearance of the ileum was disorganized (Fig. 2) . In contrast, the organization of villi with crypts in the duodenum and jejunum of P0 TTR null mice was similar to that of P0 wild-type mice. The number of goblet cells within the ileum from P0 TTR null mice was significantly decreased (wild type, 105 Ϯ 3.33, n ϭ 3, vs. TTR null, 68.7 Ϯ 6.75, n ϭ 3, p Ͼ 0.001). The number of goblet cells in the duodenum and in the jejunum did not differ between genotypes of P0 mice. The general morphology of colon and stomach was indistinguishable between genotypes.
Increased CSF protein concentration during development in TTR null mice. In view of the important role played by the choroid plexus in CSF production and hydrostatic homeostasis in the brain, we examined protein concentration in the CSF of the lateral ventricles of P0, P14, and adult TTR null and wild-type mice. The concentration of protein in the CSF decreases during normal development (9) . This was evident in the CSF from both genotypes (Fig. 3) . In wild-type mice, the protein concentration decreased from 3 to 4 mg/ml in P0 wild-type mice to about 0.4 mg/ml in adult (Fig. 3) . However, protein concentrations in the CSF from developing TTR null mice were higher. At P0, the protein concentration in the CSF from TTR null mice was significantly higher (P Ͻ 0.01) than that from wild-type mice (3.92 Ϯ 0.17 mg/ml, n ϭ 5, vs. 2.76 Ϯ 0.13 mg/ml, n ϭ 11). In P14 mice, the protein concentration in the CSF was also significantly higher (P Ͻ 0.05) in TTR null mice than in wild-type mice (1.03 Ϯ 0.11 mg/ml, n ϭ 4, vs. 0.555 Ϯ 0.09 mg/ml, n ϭ 8). In the adult, the protein concentration of the CSF from TTR null mice was slightly higher (but not significantly) than that from wild-type mice (0.41 Ϯ 0.08 mg/ml, n ϭ 9, vs. 0.34 Ϯ 0.04 mg/ml, n ϭ 8, P Ͼ 0.05).
The development of the choroid plexus is distinguished by four stages (35) . Epithelial cells of the choroid plexus in the lateral ventricles of P0 wild-type and TTR null mice were at a similar developmental stage: cells were cuboidal, and nuclei were located either centrally or basally (stage IV). In P14 mice, epithelial cell morphology was essentially similar between genotypes (data not shown).
The weight of brains from P14 wild-type mice (400 Ϯ 6.86 mg, n ϭ 9) did not differ significantly from those from P14 TTR null mice (398 Ϯ 2.35 mg, n ϭ 9). Similarly, there was no difference in the brain weights between adult wild-type (427 Ϯ 7.07 mg, n ϭ 9) and TTR null (433 Ϯ 6.01 mg, n ϭ 9) mice.
DISCUSSION
We examined the consequences of the loss of a principal THDP, TTR, on TH delivery to the brain and peripheral tissues during postnatal development. Findings from our study dem- onstrate that, during development, TTR null mice exhibit reduced plasma total and free T 4 concentrations, reduced plasma glucose and creatinine concentrations, increased plasma urea concentrations, increased CSF protein concentrations, delayed longitudinal bone growth, and delayed intestinal (ileum) development. These findings suggest that TTR is essential for the delivery of T 4 required for the normal organogenesis of bone, small intestine, and brain.
Reduced T 3 and T 4 distribution in TTR null mice.
The specific loss of TTR had a substantive effect on T 4 and, to a lesser extent, on T 3 plasma concentrations, despite the presence of other THDPs. To our knowledge, this is the first report of plasma concentrations of TH in developing TTR null mice, and, importantly, we investigated TH concentrations in plasma from mice at this critical time where TH concentrations normally increase during development, peaking around P14 before dropping to adult levels (17, 38) . The developmental surge in plasma T 4 concentrations was evident in TTR null mice; however, the plasma concentrations of total and free T 4 were less in both the P14 and adult TTR null mice compared with their wild-type counterparts.
In agreement with Palha and colleagues (39), we found significantly reduced plasma total T 4 concentrations in adult TTR null mice compared with wild-type mice. However, in contrast to Palha and colleagues (39) , who described plasma free T 4 and T 3 concentrations in adult TTR null mice equivalent to those in wild-type mice, we found that plasma concentrations for both free T 4 and T 3 were significantly reduced in adult TTR null mice. Obtaining accurate measurements of free TH is difficult, since disturbances in the equilibrium between bound and unbound hormone will greatly affect the result obtained (21) . Palha and colleagues (39) measured free TH concentrations indirectly by equilibrium dialysis. In our study, free TH concentrations were determined directly using solidphase RIA Coat-a-Count kits. In these kits, the 125 I-labeled TH analog competes with free TH in the plasma sample for sites on TH-specific antibody, for a fixed period of time. Variables that may influence the equilibrium between bound and free TH, such as 125 I-labeled TH analog binding and displacing TH from THDPs, are accounted for in these kits, and analysis of free TH in plasma from species other than humans has been validated.
As demonstrated in our study, the absence of TTR is likely to result in reduced plasma total and free T 4 concentrations. TTR binds a significant proportion of T 4 in mouse plasma (62) . T 4 dissociating from THDPs in blood forms the free T 4 pool. Because each THDP differs in its kinetics of TH binding (30, 47) , the contribution of each THDP to the free TH pool differs. The absence of TTR impacts on the free TH pool in two ways: 1) by reducing total T 4 concentrations in circulation, i.e., the amount of T 4 available for dissociation from the (remaining) THDPs is correspondingly reduced; and 2) by eliminating the proportion of T 4 within the free TH pool contributed by TTR. (The dissociation rates of T 4 from the other THDPs would not alter.)
Vranckx and colleagues (62) reported that TBG (not TTR) maintains increased circulating concentrations of T 4 in developing mice. Both TBG and TTR were identified as THDPs in sera from embryonic day 16 to P60 mice, the stage when the T 4 -binding capacity of sera is increased. However, the majority of T 4 was associated with TBG when the T 4 -binding capacity of sera was at its greatest (P1 to P21). At subsequent time points, more T 4 was associated with TTR than with TBG. In our study, plasma concentrations of albumin and TBG were similar between age-matched genotypes. Thus, it appears that , and adult wild-type and TTR null mice. CSF was collected from the cisterna magna of mice and processed as described in MATERIALS AND METHODS. P14 and adult CSF samples were pooled according to genotype (n ϭ 2-6). Protein concentrations were determined. Values are means Ϯ SE. P0 wild type, n ϭ 11; P0 TTR null, n ϭ 5; P14 wild type, n ϭ 8; P14 TTR null, n ϭ 4; adult wild type, n ϭ 8; adult TTR null, n ϭ 9. Statistical significance between means (one-way ANOVA with Bonferroni post hoc test) are indicated by ***P Ͻ 0.005 and **P Ͻ 0.01. the absence of TTR was not compensated for by increases in albumin and TBG. Consequently, the TH-binding capacity of plasma was reduced in TTR null mice as direct consequence of removing TTR from the plasma. Delayed development of TTR null mice. Developing TTR null mice displayed characteristics of delayed transition from suckling to weaning (significantly lower glucose concentrations in plasma); decreased muscle mass (significantly lower plasma creatinine concentrations); delayed onset of rapid growth (significantly greater plasma urea concentrations); and delayed long bone growth (shorter femurs and humeri in P21 and P28 TTR null mice and wider tibial growth plates in P14 TTR null mice). In addition, the cellular structure of ileums from P0 null mice was slightly disordered and contained fewer goblet cells, indicating delayed development of the small intestine.
Altered plasma concentrations of creatinine and urea could also be indicative of perturbed kidney function. During hypothyroidism, the ability to excrete free water is diminished, and the excretion of water load is delayed (55) . In many hypothyroid patients, these symptoms are associated with decreased sodium levels in blood (hyponatremia). The plasma osmolarity of adult TTR null mice was significantly lower than that in wild-type mice (Table 2 ). Plasma osmolarity may decrease if 1) water excretion from the kidneys is impaired, i.e., reduced renal blood flow and glomerular filtration rate (GFR); 2) water is ingested rapidly before the collection of blood samples for testing, thereby increasing hypotonicity transiently; or 3) excess water is retained without solutes due to the inappropriate secretion of antidiuretic hormone (ADH), which maintains plasma osmolarity by regulating water reabsorption by the kidneys. Increased ADH secretion would increase the amount of water retained by the kidneys and, therefore, reduce plasma osmolarity. A decrease in renal blood flow and GFR would retard the excretion of urea and creatinine via urine. Given that plasma levels of urea and creatinine did not differ between genotypes in adult mice, the decreased plasma osmolarity in adult TTR null mice is more likely due to elevated ADH levels.
Plasma ADH concentrations in hypothyroid rats and sheep have been shown to be increased (23, 54) . However, the literature is not clear as to whether ADH plays a role in water retention that occurs during hypothyroidism. The plasma osmolarity of P14 TTR null mice was also reduced (but not significantly) compared with that of P14 wild-type mice. Given that the concentration of ADH in plasma increases as a function of plasma osmolarity and that ADH secretion is not reset after chronic hyposmolarity (61), determining the concentration of ADH in plasma from P14 and adult wild-type and TTR null mice could resolve whether decreased plasma osmolarity in TTR null mice is a result of perturbed ADH secretion.
Development of the small intestine begins in the duodenum followed by the jejunum then ileum. Although the phenotype of the ileum from P0 TTR null mice was not as striking as the morphological alterations in the jejunum and the ileum from thyroid hormone receptor-␣ (TR␣ Ϫ/Ϫ ) mice (13) , the altered ileum of P0 TTR null mice indicates TTR is required for distribution of sufficient TH to the intestine. This is consistent with synthesis of TTR in the intestine of fetal humans (26) . Furthermore, deiodinase 1 (which produces T 3 from T 4 ) mRNA levels are highest in rodent intestine during the postnatal suckling period (2), suggesting that this is a critical developmental window for TH-regulated development in the intestine. The absence of TTR would result in reduced delivery (bioavailability) of T 4 to the cells in these tissues, resulting in insufficient TH to direct normal regulation of TH-responsive genes in the intestine during this developmental period. Given that the epithelium of the small intestine undergoes dramatic structural and physiological changes during weaning (20) and that P14 TTR null mice exhibit delayed transition from suckling to weaning, it is likely that TTR null mice experience a developmental lag in the changes to the small intestine during weaning.
Bone growth was transiently delayed in TTR null mice, and the hypertrophic zone and total growth plate width were significantly greater than that of wild-type mice. Chondrocyte differentiation is regulated by a number of factors, including a negative feedback loop involving the paracrine factors and parathyroid hormone-related peptide (PTHrP) (22, 24) . PTHrP suppresses chondrocyte differentiation, thereby prolonging chondrocyte proliferation and bone elongation (22, 24) . T 3 has been reported to influence chondrocyte differentiation (48) by modifying expression of PTHrP and its receptor (59) , thereby regulating the terminal differentiation of hypertrophic chondrocytes. Chondrocyte hypertrophy failed to progress in hypothyroid mice (59), and we show here that this process is also modified by the absence of TTR. Other mechanisms may also be involved in the growth plate phenotype. For example, increased hypertrophic zone width is observed in conditions where osteoclast/chondroclast activity is reduced (36) , and core proteins of heparin sulfate proteoglycans, a component of growth plate cartilage, are inhibited by T 3 (1) .
Because THs stimulate osteoclast-mediated bone resorption (34), the expansion of the hypertrophic zone may also indicate reduced osteoclast numbers or function. However, because trabecular BMD was not significantly increased in TTR null mice, this might reflect a specific and local inhibition of osteoclast formation or vascularization, as recently observed for mice deficient in leukemia inhibitory factor (43) .
THs regulate skeletal development via TR␣. Deiodinase 1 (which produces most circulating T 3 ) is not expressed in skeletal cells, whereas deiodinase 2 (which regulates intracellular T 3 production) is expressed during embryogenesis. Deiodinase 3 (which inactivates T 3 and T 4 ) is expressed in chondrocytes, osteoblasts, and osteoclasts, with peak activity levels in the juvenile (see Ref. 63) . Therefore, a decrease in bioavailability of T 4 due to the absence of TTR, at the same time as the peak in deiodinase 3 activity (depleting the supply of TH further), could explain the delay in TH-regulated bone maturation.
Although the morphological development of the choroid plexus in TTR null mice appeared similar to that in wild-type mice, the significantly increased protein concentration of CSF from P0 and P14 TTR null mice compared with age-matched wild-type mice indicates a degree of immaturity in the developing brain of TTR null mice. A functional indicator for brain maturity is CSF protein concentration, which decreases during development (9) . In vertebrates, the functional significance of elevated protein concentrations in the CSF that decrease during development is not well understood. A possible function includes the transport of nutrients and molecules essential for adequate development. Increased protein concentrations in the CSF have been reported in patients suffering overt hypothy-roidism and were suggested to be a result of blood-CSF or blood-brain barrier dysfunction (5, 37) . Analysis of the permeability of the blood-CSF barrier in developing and adult TTR null mice will determine if increased protein concentration in CSF is due to increased permeability.
Pax8 null mice lack a functional thyroid gland and die around the time of weaning, unless they receive T 4 supplementation (28) . Furthermore, if Pax8 null mice are supplemented with T 4 early in postnatal life, the cellular organization of their pituitaries normalizes, and TSH and growth hormone (but not prolactin) mRNA levels return to normal (14) ; however, full auditory brain stem responses were not restored by 6 wk of age (7), and female Pax8 null mice supplemented with T 4 do not develop a uterus or vaginal opening (32) . In contrast, mice lacking all TRs are viable and have normal longevity (15) . Similarly to TTR null mice, these TR␣1 Ϫ/Ϫ ␤ Ϫ/Ϫ mice have retarded growth and bone maturation, albeit more severely, and this phenotype persists into adulthood. This raises questions as to the strengths of the interplay between the various networks involved in TH homeostasis: THDP in the blood and CSF, which (at least in part) influence the free TH concentrations in blood and CSF, which influence the TRH and TSH levels; membrane-bound TH transporters, deiodinases, cytosolic THbinding proteins, and liganded and unliganded TRs. Apparently, a reduction or absence of some of these players can be tolerated, whereas others cannot. Furthermore, some deficiencies (e.g., MCT8) present with different phenotypes depending on the species, e.g., the phenotype in humans being far more severe than that in mice (60) .
We suggest that the lack of TTR in the blood is responsible for the lowered total and free T 4 levels in these mice. The dissociation rate of T 4 from TBG is 0.018/s, from TTR is 0.094/s, and that from albumin is 1.3/s (30) . Given the mean capillary transit times (29) , TBG binds T 4 with such high affinity that it would not contribute substantially to the bioavailability of T 4 in most tissues; albumin binds TH relatively weakly, whereas TTR has intermediate affinity for THs. At times of high T 4 demand, e.g., P14 in mice, when T 4 levels peak, the intermediate off rate of T 4 from TTR could mean that TTR is largely responsible for delivery of T 4 to tissues at this time. For example, in animals such as amphibians, reptiles, and polyprotodont marsupials where TTR is not synthesized by the liver during adulthood, the TTR gene is expressed in their liver of the juveniles during the developmental peak in THs (46) . Hence, during the developmental window of increased TH demand around P14 in TTR null mice, insufficient TH is reaching target cells, and optimal regulation of TH-responsive genes is not possible. Thus, in the absence of TTR, more distinct phenotypes were evident at P14 compared with P0 or adulthood. Nevertheless, albumin and TBG are contributing to TH distribution, so the net result is a delay in specific THregulated events in TTR null mice rather than a persistent overt phenotype. This suggests that a threshold accumulative dosage is required to be reached for attaining full TH-mediated development of some events.
In the CSF, TTR is the major THDP in rodents (18) . We have previously described a reduction in apoptosis of neural stem cells in the subventricular zone of adult TTR null mice (45) , which can be directly attributed to reduced delivery of T 4 to those cells, since cycling of adult neural stem cells is regulated by TR␣1 (25) . Reports on altered behavior of adult TTR null mice support the suggestion of reduced bioavailability of TH in the brains of TTR null mice (56) . Given our data on delayed development of the brain of TTR null mice, we would expect specific aspects of morphological brain development and of behavior in juvenile TTR null mice to also be delayed. This remains to be investigated.
TTR has several TH-independent functions, including binding to retinol-binding protein/retinol, cryptic protease activity, amyloidogenesis, prevention of amyloid fibril formation, nerve regeneration, sensorimotor function, neuropeptide maturation (including neuropeptide Y and substance P), and a role in depressive-like behavior (for a comprehensive review, see Ref. 11) . Although the roles that TTR plays in these processes may contribute to the developmental phenotype observed in TTR null mice, we believe that the phenotypes we describe here, at least in part, can be attributable to the role that TTR has in TH distribution.
In conclusion, the current view that TTR plays a redundant role in TH distribution requires reconsideration. Apparently, TTR is not essential for TH distribution to most tissues in adult mice (one notable exception being the subventricular zone of the brain). However, TTR, as part of the THDP network, ensures that TH-related developmental events, such as the weaning-to-suckling transition, CNS maturation, and bone growth, proceed according to a temporal blueprint. An adverse and fatal version of this phenotype has been described for TR␣ Ϫ/Ϫ mice (13). After 2 wk of life, TR␣ Ϫ/Ϫ mice exhibit growth arrest and die within 5 wk of age. Thus, at 2 wk of age, TTR null mice are at a developmental cusp that initiates their transformation from a pup, which is dependent on its mother, to an independent and adult mouse. Despite decreased total and free T 4 concentrations in TTR null mice, plasma TSH concentrations were not altered.
In summary, we have demonstrated that specific aspects of TH-related development are delayed in TTR null mice. Thus, TTR serves as a nonredundant component of the THDP network and is important for bioavailability of TH during development in peripheral tissues and in the CNS.
